Starting from the basis of a simple 4-component self-sorting system of crown ethers and ammonium ions, we design 6 building blocks in which 2 identical or different binding sites are incorporated. These building blocks can be mixed in many different ways to yield quite distinctly different pseudorotaxane assemblies. The self-sorting process integrates all building blocks in specific places so that this approach permits us to exert positional control and can widely influence the resulting assemblies with respect to the details of their structures. At maximum, we report quadruply interlocked species with up to 5 subunits that form specific assemblies. Although NMR methods are limited to the analysis of simpler complexes, ESI-MS and, in particular, tandem mass spectrometry is highly useful to analyze the assemblies' connectivities.
T he ''bottom-up'' approach to the construction of molecular devices and machines through molecular self-assembly has attracted extensive attention in the past 2 decades (1-4). Molecular self-assembly (5-7) harnesses noncovalent interactions to organize discrete components into well-organized architectures. To achieve this, the necessary instructions must be written into the structures of the building blocks by chemical synthesis. Most artificial self-assembled architectures known today incorporate multiple copies of the same building blocks and thus are often highly symmetrical structures.
In the macroscopic world, however, devices and machines are assembled from many different components cooperating with each other to perform complex functions. The same holds true for most biomolecules. Nature efficiently uses the principles of noncovalent self-assembly together with self-sorting (8, 9) phenomena to generate complex, functional architectures. DNA may serve as a prominent example whose function is information storage. Four bases (adenine (A), thymine (T), guanine (G), and cytosine (C)) self-sort to form base pairs (AT and GC) in their mixture. Integrating these bases to the polymer backbones of DNA in a specific sequence not only stores information but also allows the cell to replicate and transcribe the stored information.
When complex functions are to be achieved in artificial molecular devices or machines, the self-assembly of highly symmetrical architectures from multiple identical building blocks is a severe restriction that can be overcome by applying the same strategy used by nature: The integration of different subunits into the architecture with precise positional control by combining the principles of self-assembly and self-sorting. We very recently coined this strategy, integrative self-sorting (10) , and are convinced that it will not only enrich the world of supramolecular architectures from the point of view of structural variability but will also form the basis for the implementation of high-level functions in future assemblies.
Herein, we present several strategies about how to write instructions into molecular components for constructing complex pseudorotaxane assemblies by using the programming language of integrative self-sorting. Starting from a very simple 4-component self-sorting system consisting of 2 crown ethers and 2 ammonium ions, pseudorotaxane assemblies can be generated by merging 2 of these components. These pseudorotaxanes are up to quadruply interlocked and combine up to 5 building blocks with high spatial control in 1 assembly. Although NMR experiments can, in principle, be used for the characterization of the assemblies up to a certain level of complexity, tandem mass spectrometry turns out to be particularly useful to analyze the assemblies' connectivities.
Results and Discussion
Design Concept. Conceptually, interesting integrative self-sorting systems can be derived from a very basic simple self-sorting system containing several discrete complexes by merging 2 of the components into 1. Recently, we reported (10) a 4-component self-sorting system ( Fig. 1 ) that owes its high fidelity to the following facts: (i) benzo-21-crown-7 (C7) is not able to pass over a phenyl group under the conditions of the experiment. Thus, the formation of a pseudorotaxane with 1-H⅐PF 6 is kinetically hindered; (ii) the complexation of 2-H⅐PF 6 with C7 is thermodynamically more stable than that with dibenzo-24-crown-8 (C8); (iii) C8 thermodynamically prefers 1-H⅐PF 6 over 2-H⅐PF 6 .
From this simple 4-component self-sorting system, numerous integrative self-sorting systems can be constructed by suitable programming. The key is the design of appropriate integrative components that can bring together all of the other subunits into 1 product complex with positional control. The components in our basic self-sorting system have a specific dimensionality. For example, the ammonium salts are thread-like molecules that can be considered as ''1-dimensional'' structures-the axles of the pseudorotaxanes. The 2 crown ethers can simply be regarded as ''2-dimensional'' structures. They can slip onto an ammonium ion guest as the pseudorotaxane wheel. Many different options for the construction of more complex architectures arise: (i) We can connect the 2 guests ''linearly'' (11) (12) (13) (14) . (ii) The 2 crown ether hosts can be incorporated into dimers and-if connected through the anthracene core chosen here-are coplanar with each other. (iii) One of the 2 guests can be cross-connected with the other host (15) (16) (17) (18) (19) (20) . (iv) Several reasonable combinations and repetitions of the first 3 strategies can be realized (21) (22) (23) . In this article, we will focus on strategies i, ii, and iv. The molecular structures of the building blocks used throughout this article are shown in Fig. 2 . They comprise 3 ditopic diammonium axles (3-2H⅐2PF 6 , 4-2H⅐2PF 6 , 5-2H⅐2PF 6 ) with spacers of different lengths between the 2 binding sites A and B, an anthracenespacered crown ether heterodimer (6) bearing 1 C8 and 1 C7 motif and 2 anthracene-spacered crown ether homodimers 7 and 8. The syntheses and full analytical data for all these compounds are provided in the supporting information (SI) Appendix.
Merging 2 Monotopic Axles into Ditopic Ones. Ditopic axle 3-2H⅐2PF 6 inherits the binding motifs from 1-H⅐PF 6 and 2-H⅐PF 6 without interference between them. The sequence of these 2 motifs in this guest determines the sequence of C7 and C8 in the hetero [3] pseudorotaxane 9-2H⅐2PF 6 (Fig. 3) formed upon mixing all 3 components in equimolar amounts. As shown earlier (10), the sequence of crown ethers in 9-2H⅐2PF 6 is fixed because of the presence of the bulky anthracenyl stopper and the central phenyl spacer incorporated in the axle. They admit only C8 to binding site A, whereas only site B remains for C7. In noncompetitive solvents such as dichloromethane (DCM), mixing equimolar amounts of C7 and C8 with 3-2H⅐2PF 6 indeed results in the virtually quantitative formation of the sequence-defined hetero [3] pseudorotaxane 9-2H⅐2PF 6 . In 9-2H⅐2PF 6 , the integrative component 3-2H⅐2PF 6 thus integrates 2 distinct hosts that may finally be equipped with different functional groups that provide functionality.
As a variation of the theme, we synthesized 2 similar guests 4-2H⅐2PF 6 and 5-2H⅐2PF 6 with spacers between 2 binding sites longer than that in 3-2H⅐2PF 6 . The 1 H NMR spectrum (Fig. 4 , line b) of the equimolar mixture of 4-2H⅐2PF 6 , C7, and C8 show similar chemical shifts for H a , H b , H e , H f , and H g as those observed for 9-2H⅐2PF 6 . Consequently, site B is occupied by C7 as clearly indicated by the shift of H e to the same position observed in Fig. 4 , line a. Site A is bound to C8, as characterized by downfield shifts of H a and H b identical to those observed in Fig. 4 , line c. Therefore, hetero [3] pseudorotaxane 10-2H⅐2PF 6 is the predominant species in this equimolar mixture of 4-2H⅐2PF 6 , C7, and C8.
The conclusion from 1 H NMR spectroscopic data were easily consolidated by electrospray-ionization mass spectrometry (ESI-MS) results obtained from the equimolar solution of 4-2H⅐2PF 6 , C7, and C8 in DCM. The MS results are quite similar to those observed for 9-2H⅐2PF 6 (10). A very clean mass spectrum with only 1 intense peak for ϩ at m/z 1,500 is obtained. The following infrared-multiphoton dissociation (IRMPD) experiments (MS/MS; Fig. 5 ) (24, 25) performed with massselected ϩ show the loss of C8 merely to occur at higher laser intensities as a consecutive fragment after losing C7 and HPF 6 . This experiment confirms the sequence of crown ethers: C8 cannot leave without losing C7 first. The predominance of 11-2H⅐2PF 6 in the equimolar solution of 5-2H⅐2PF 6 , C7, and C8 can also unambiguously be demonstrated by analogous 1 H NMR and MS experiments (see Figs. S1 and S2 in SI Appendix. Therefore, the elongation of the spacers between 2 binding sites in the integrative components 4-2H⅐2PF 6 and 5-2H⅐2PF 6 does not affect the fidelity of the resulting integrative self-sorting systems 10-2H⅐2PF 6 and 11-2H⅐2PF 6 . Thus, the distance between C7 and C8 in this kind of integrative selfsorting system can be adjusted according to requirements.
Merging 2 Monotopic Wheels into a Heteroditopic One.
As an example for the second strategy, 2 hosts, C7 and C8, can be merged together into 1 integrative component. For this purpose, heteroditopic host 6 with one 21-crown-7 motif and one 24-crown-8 motif was synthesized. Based on the results above, the pseudorotaxane 12-2H⅐2PF 6 is expected to prevail in an equimolar solution of 1-H⅐PF 6 , 2-H⅐PF 6 , and 6. The first piece of evidence for self-sorting in this mixture came from 1 H NMR experiments (Fig. 6 ). The H a and H b protons on 1-H⅐PF 6 experience significant downfield shifts with respect to free 1-H⅐PF 6 . The shift differences are similar to those observed for [1-H@C8]⅐PF 6 , 9-2H⅐2PF 6 , 10-2H⅐2PF 6 , and 11-2H⅐2PF 6 and identical to those monitored in the 1:1 mixture of 1-H⅐PF 6 and 6. The only reasonable explanation for this result is that axle 1-H⅐PF 6 is bound in the cavity of 24-crown-8 section in 6 because 21-crown-7 unit lacks the ability to pass over phenyl group under the experimental conditions. Thus, the 21-crown-7 part is left for guest 2-H⅐PF 6 . The H d protons in 2-H⅐PF 6 are shifted upon binding, as expected. Furthermore, the resonances for H e , H g , and H f are broadened, likely because of the existence of 2 isomers (''parallel,'' 12p-2H⅐2PF 6 and ''anti-parallel,'' 12ap-2H⅐2PF 6 in Fig. 3 ) for 12-2H⅐2PF 6 . Consequently, the NMR experiment demonstrates the 2 isomers of 12-2H⅐2PF 6 to dominate in the mixture-even though the evidence does not seem to be as clear-cut as at first glance.
ESI-MS experiments with the equimolar solution of 1-H⅐PF 6 , 2-H⅐PF 6 , and 6 in DCM support this conclusion. The ESI mass spectrum (Fig. 7) shows only 1 intense peak at m/z 728, corresponding to [12-2H] 2ϩ . No 2:1 complexes of 1-H⅐PF 6 and 6, or 2-H⅐PF 6 and 6, are observed. The tandem MS experiment on mass-selected [12-2H] 2ϩ remarkably shows the phenylstoppered axle [1-H] ϩ to dethread first from the parent ion. Only at higher laser intensity, the [2-H@6] ϩ fragment starts to decompose further into: (i) neutral 6 and [2-H] ϩ ; (ii) neutral 2 and [6ϩH]
ϩ . If one considers the narrower axle 2-H⅐PF 6 to bind to the wider crown ether (24-crown-8) , whereas the thicker axle 1-H⅐PF 6 is bound in the narrower crown ether (21-crown-7), one would certainly predict [2-H] ϩ to be lost first from the corresponding parent ion. Because the opposite is observed, we can safely rule out this isomer. The only alternative 12-2H⅐2PF 6 must therefore be formed. Consequently, the MS results provide unambiguous evidence for the 2 axles being threaded through the appropriate crown ethers as expected from the results discussed before.
Combination/Repetition of Integrative Self-Sorting Strategies. To construct even more complex assemblies, the strategies discussed above can be combined. In the following, we construct the more complex integrative self-sorting complexes 13-4H⅐4PF 6 , 14-4H⅐4PF 6 , 15-4H⅐4PF 6 , and 16-4H⅐4PF 6 (Fig. 3) . Connecting several of the integrative components in 1 assembly increases the number and variety of components incorporated in the final complex, and we therefore anticipate increasing difficulties to characterize these architectures in detail. Indeed, the 1 H NMR spectra (see Figs. S3-S6 in SI Appendix) are often broadened and complicated, so that a detailed analysis of the resulting assemblies is not straightforward anymore. However, MS and MS/MS experiments are a powerful tool to study complex systems and elucidate the complexes structures (24, 25) . Therefore, we will focus on the MS and MS/MS results of integrative self-sorting complexes 13-4H⅐4PF 6 , 14-4H⅐4PF 6 , 15-4H⅐4PF 6 , and 16-4H⅐4PF 6 in the following discussion. ϩ at different laser intensities. In the mass spectrum (Fig. 8) obtained from a 1:2:2 DCM solution of 7, C8, and 3-2H⅐2PF 6 , 2ϩ was identified by the corresponding signal at m/z 1417. In the structure of 13-4H⅐4PF 6 , 5 components are assembled together through weak interactions, so that even a soft ionization method such as ESI may destroy this assembly to some extent during ionization. Indeed, we observed 2 fragments of 2ϩ at m/z 1,007 and 1,827, which also appear in the tandem MS spectra. However, at m/z 1,456 an additional complex of 2 C8 on 3-2H⅐2PF 6 is observed that indicates incomplete self-sorting. As for the simpler cases above, tandem mass spectrometry is capable of revealing the details of the location of the 5 components in 13-4H⅐4PF 6 (Fig. 8) . From both, the parallel and antiparallel isomers 13p-4H⅐4PF 6 and 13ap-4H⅐4PF 6 in Fig. 3 , one would expect that the lowest-energy dissociation pathway is loss of an axle/C8 complex. Losses of just a neutral C8 should instead not be possible without inferring complex rearrangements that are unlikely to compete. The fragments at m/z 1,007 and 1,827 already detected immediately after isolation of 2ϩ correspond to the expected charge-separating fragmentation into ϩ and [3-2H@(7ϩC8)⅐PF 6 ] ϩ , whereas, indeed, no C8 loss was observed. Consecutive fragmentation reactions are indicated in the lower spectrum in Fig. 8 .
Similarly, we can provide evidence for the formation of 14-4H⅐4PF 6 in a 1:2:2 DCM solution of 8, C7, and 3-2H⅐2PF (see Fig. S4 in SI Appendix) . From the structures of both isomers 14p-4H⅐4PF 6 and 14ap-4H⅐4PF 6 (Fig. 3) , one would predict that now losses of 1 or even 2 C7 molecules should correspond to the lowest-energy fragmentation reactions. The observed sequential loss of first 2 C7, then of 2 HPF 6 , and only finally of 1 of the axles [3-H] ϩ from 2ϩ is perfectly in line with the proposed structure.
As discussed, parallel and antiparallel isomers exists for 13-4H⅐4PF 6 and 14-4H⅐4PF 6 and it would certainly be more satisfying to have control even on the alignment of the axles relative to each other not only on the connectivities of the building blocks. The problem is the 1-point connection between all subunits. Applying 2-point connections (26) as in 15-4H⅐4PF 6 and 16-4H⅐4PF 6 will not only provide positional control, but also stabilize the assemblies so that we can expect them to form exclusively in contrast to 13-4H⅐4PF 6 and 14-4H⅐4PF 6 .
From 3-2H⅐2PF 6 and 6, 15-4H⅐4PF 6 is expected to be exclusively formed, and indeed, a single peak at m/z 1,522, corresponding to 2ϩ , is observed in the ESI mass spectrum obtained from this sample (Fig. 9) . The absence of peaks for self-assembled oligomers indicates the closed structure of 15-4H⅐4PF 6 to be formed rather than an open-chain analogue. As expected from the structure of 15-4H⅐4PF 6 , the MS/MS spectra (Fig. 9 ) of mass-selected 2ϩ show the dication to fragment symmetrically into 2 monocations ϩ at m/z 1,522, in line with the symmetry in the dication's structure. Because the dicationic parent ion and the singly charged fragment both appear at the same m/z, only a careful isotope pattern analysis reveals this process (Insets in Fig.  9 ). Although the isotope pattern of the mass-selected parent closely matches that calculated for 2ϩ , the primary product appears with a peak spacing of 1 amu indicating a monocation. In the structure of 15-4H⅐4PF 6 , full control over the antiparallel orientation of both the axles as well as the crown ether dimers is thus achieved.
From the set of our building blocks, a parallel arrangement of the 2 axles can also be generated by using 2 homoditopic hosts 7 and 8 that replace 6 in 15-4H⅐4PF 6 to yield 16-4H⅐4PF 6 . Again, a quite clean mass spectrum with only 1 intense peak at m/z 1,522 assigned to 2ϩ is obtained from the 1:1:2 DCM solution of 7, 8, and 3-2H⅐2PF 6 , which also suggests the predominance of 16-4H⅐4PF 6 in this solution. No oligomer peak was observed, indicating the closed structure of 16-4H⅐4PF 6 . The different arrangement of building blocks, however, changes the fragmentation pattern significantly: Two fragmentation pathways are observed for mass-selected 2ϩ : (i) losing neutral 21-crown-7 dimer 7; (ii) breaking 1 macrocycle of 24-crown-8 in 8 and distributing 2 charges to 2 fragments. The first one is clearly within expectation and indicates 7 to be located near the open end of both axles.
To further confirm the closed structures of 15-4H⅐4PF 6 and 16-4H⅐4PF 6 and to strengthen our line of reasoning, each of them was mixed with 2 equivalents of 9-2H⅐2PF 6 . If either one of the 2 assemblies were an open chain with unoccupied binding sites at its 2 ends, one should see a partial transfer of C7, C8, or the axle from 9-2H⅐2PF 6 to 15-4H⅐4PF 6 or 16-4H⅐4PF 6 . This is, however, not the case (Fig. S10 in SI Appendix) . Assembly 9-2H⅐2PF 6 does not interfere with 15-4H⅐4PF 6 or 16-4H⅐4PF 6 at all, providing evidence for them to be closed structures.
Conclusions
Conceptually derived from a very simple 4-component selfsorting system, 6 ditopic key compounds have been developed that can be used to integrate several different building blocks into more complex assemblies with high positional control. Up to 5 components were assembled into up to quadruply interlocked pseudorotaxane assemblies. Different strategies were developed and evidence for the successful assembly of the desired structures presented. NMR experiments provide a straightforward structure analysis for the less complex assemblies but are no great help when complexity increases. Instead, ESI mass spectrometry and, in particular, tandem mass spectrometric experiments were capable of unraveling the details of the structures even for the most complex assemblies presented here. Integrative self-sorting thus turns out to be a highly capable programming language. Together with self-assembly, it is a powerful strategy to assemble even highly unsymmetrical supramolecular architectures without repetitively using multiple copies of the same subunits. Provided these building blocks are, in future, equipped with suitable functional groups, the assembly of supramolecules with higher-level functions should become more easily designable. The concept of integrative self-sorting is certainly not limited to the systems based on weak interactions but also can, for example, be extended to self-assembly based on metal coordination (27) or reversible covalent bonds. It is thus a general means to create molecular architectures with a higher degree of complexity than most that are known so far. The concept of integrative self-sorting describes the borderline between self-assembly and self-sorting, where the self-sorting phenomena are used to program the self-assembly process.
Materials and Methods
Electrospray-Ionization Fourier-Transform Ion-Cyclotron-Resonance (ESI-FTICR) MS. Because the tandem MS experiments are most important to the present article, we describe them here. All other experimental details can be found in SI Appendix. The ESI-FTICR MS experiments were performed with a Varian/ IonSpec QFT-7 FTICR mass spectrometer equipped with a superconducting 7-Tesla magnet and a micromass Z-spray ESI ion source using a stainless steel capillary with a 0.65-mm inner diameter. The solutions of samples were introduced into the source with a syringe pump (Harvard Apparatus) at a flow rate of Ϸ2.0 L⅐min Ϫ1 . Parameters were adjusted as follows: source temperature, 40°C; temperature of desolvation gas, 40°C; parameters for capillary voltage, extractor cone, and sample cone are optimized for maximum intensitites. No nebulizer gas was used for the experiments. The ions were accumulated in the instrument's hexapole long enough to obtain useful signalto-noise ratios. Next, the ions were introduced into the FTICR analyzer cell, which was operated at pressures Ͻ10 Ϫ9 mbar, and detected by a standard excitation and detection sequence. After mass selection of the ions of interest, a 25-W CO2 laser (10.6-m wavelength) was used to irradiate and fragment the ions in the IR region (infrared multiphoton dissociation; IRMPD). The laser intensities can be adjusted by the control software. Several experiments at different laser intensities provide information on primary and consecutive fragmentation reactions. For each measurement, 20 scans were averaged to improve the signal-to-noise ratio.
